The influence of microstructures of Cu wires on electromigration (EM) resistance has been investigated using Cu wires with various line widths from 50 to 280 nm and line heights of 300 nm or 500 nm. A strong line width dependence of median time to failure was observed as the EM resistance decreases substantially with narrowing of line widths from 280 nm to 50 nm. The activation energies for 50, 80, 100 and 140 nm widths were 0.61, 0.64, 0.68 and 0.71 eV. The EM resistance and activation energy of Cu wires could be represented as a function of the ratio of line length to average grain size, which corresponds to the number of grains along the longitudinal direction, and they both increased as this ratio decreased. The influence of this ratio was particularly significant when the line width was below 100 nm. These results indicate that coarsening of grain sizes in the current flow direction is mandatory to enhance EM resistance and lower resistivity for the very narrow Cu wires.
Introduction
Copper has generally been used as an interconnect material for high performance ultra large-scale integration circuits (ULSIs) due to its low electrical resistivity and high reliability. However, continuous downscaling of interconnects is pushing current density upward, to the order of at least 10 6 A/cm 2 ; this has drawn more attention to the issue of lowered interconnect reliability due to electro-migration (EM) failure. [1] [2] [3] [4] [5] Aside from its lower resistivity, Cu was expected to have higher resistance to EM failure, since it has a higher melting point and therefore higher activation energy of grain boundary diffusion (1.2 eV).
EM in Cu wires with line widths greater than 180 nm is reported to be mainly due to the atomic transport processes both along the interface between dielectric capping layer and Cu wires, and the grain boundaries of Cu wires. 6, 7) Hence, to improve EM resistance, enhancement of both adhesion strength and uniform coarsening of average grain size are necessary.
Grain sizes are usually evaluated from the surface of Cu wires by TEM and EBSD, and they are reported to take a bamboo-like structure when line width is between 100 nm and 250 nm. 8) This bamboo-like structure is considered to be strong against EM and hence Cu wires with line widths in this range would have high EM resistance. 8) However, grain sizes change appreciably from the bottom to the top surface of the Cu wires and TEM observations of Cu wire sectioned along the longitudinal direction, i.e., direction of current flow, have shown that the average grain size at the top is much larger than that at the bottom. 9, 10) This trend becomes remarkable as the wire width becomes narrower, because the grain growth near the bottom is likely to be restricted by the trench sidewall. Therefore, the average grain size obtained by conventional observation methods would not reflect on the EM resistance of very narrow Cu wires (< 100 nm).
To realize the very narrow Cu wires (< 100 nm) with high EM resistance, influence of average grain size in the Cu wires along the longitudinal direction on the EM resistance and activation energy must be investigated. However, line width dependence of EM resistance and activation energy as a function of average grain size along the longitudinal direction of these Cu wires has not been clarified to date. We have established a technique to evaluate the average grain size when sectioned along the longitudinal direction, 9, 10) i.e., direction of current flow in very narrow Cu wires. Then, in this paper, first we evaluate the EM resistance and activation energy as a function of line width, and second, we investigate the influence of average grain size along the longitudinal direction of very narrow Cu wires (< 100 nm) on EM resistance and activation energy to identify the suitable microstructure in the Cu wire with high EM resistance.
Experimental
Five kinds of EM test Cu wire structures were used. Trenches in a four-point probe geometry of 50, 80, 100, 140 and 280 nm width with 200 nm height and each of 1 mm length were patterned in silicon dioxide dielectric films using electron beam lithography and reactive ion etching. Ultra thin TaN/Ta (TaN, 5 nm; Ta, 5 nm) barriers and a 55 nm thick Cu seed layer were sputter-deposited into the trenches. The Cu interconnects were made by a DC electroplating process using a pure copper electrolyte at room temperature with current density of 1 mA/cm 2 . The bath compositions consisted of commercial CuSO 4 Á5H 2 O, HCl and H 2 SO 4 solution with additives. After DC electroplating, the substrates were annealed at 573 K for 0.5 h in H 2 ambient to prevent Cu oxidation, followed by a chemical mechanical polishing (CMP) to remove excess Cu and TaN/Ta layers from the trenches. The plated thicknesses were 200 nm, which is the same as the line height of Cu trenches. A CMP process was used to remove the excess Cu films. A capping layer of 100 nm thick silicon nitride was passivated on the surface of Cu wires after the CMP process. Finally, contact holes were etched through the passivation layer for four-probe measurements and Al wire bonding. Figure 1 shows a cross-sectional SEM image of a Cu electroplated trench of 80 nm width and 500 nm line height after annealing, CMP and passivation by 100 nm thick SiN. We found that the 80 nm wide trenches with a line height of 500 nm were completely formed.
EM evaluation was done for Cu wires at temperatures of 473, 523, and 573 K, and 20 specimens were used for each experiment. The resistance increase of Cu wires with time was monitored until failure. Failure criterion of 5% resistance increase was employed. The current density ranged from 1 to 10 MA/cm 2 . Joule heating is one factor that has a significant influence on the EM failure mechanisms. In this EM test, the temperature raise due to Joule heating was controlled to less than 3 K.
Specimens for evaluating average grain size in the Cu wires sectioned along the longitudinal direction were made by FIB as described in the following. Before FIB milling, 100 nm thick carbon films were evaporated onto specimens to protect the Cu lines from damage during milling. Ga þ ion beams accelerated at 30 kV were rastered along the Cu lines to cut holes on both sides at the precise object portion. The resulting free-standing Cu films were placed into an FE-TEM to observe the longitudinal microstructures. Figure 2 10) is a schematic diagram of electroplated Cu lines showing crosssectional and plain view observation (conventional) methods, and the longitudinal observation method of this work. Although, grains are seen to have bamboo-like structure in the cross-sectional and plain view observations, it is clear that the Cu wire consists of many grains of small and large sizes in the longitudinal observation.
Results and Discussion

EM resistance and activation energy as a function of line width
We carried out the EM test on 1 mm long and 50 to 280 nm wide Cu wires. Figure 3 is a typical plot showing EMinduced resistance increase in Cu wires with stress time. ÁR shows the resistance change before and after the EM test and R 0 shows resistance before the EM test. The line resistance increase and failure of Cu wires appear to correspond to the void formation and growth, respectively. Figure 4 shows the cumulative failures as a function of stress time for 50, 80, 100, 140 and 280 nm wide Cu wires. The EM test was done at 573 K and a current density of 5 MA/cm 2 with a failure criterion of 5% resistance increase for five different line widths. MTF (median time to failure) is defined as the time when 50% of the specimens failed. We see that MTF increases with the wire width. MTF decreases to about 1/20 of the value for the 280 nm wire when line widths are narrowed from 280 to 50 nm. The EM test results at 473 and 523 K show the same trend. Figure 5 summarizes the log of MTF as a function of line width for the EM test temperatures of 473, 523 and 573 K. The MTF decreases with increasing test temperature and decreasing line width. Evidence supporting EM failure is found from the inspection of the tested Cu wires; an example is shown in Fig. 6 . In all cases studies here, the Cu wires fail by void formation and growth at the upstream end of the test
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Cu wire where A, J, E a , k and T are constants related to the line crosssectional area, current density, and activation energy, and kT has its usual meaning. The Arrhenius plot (log MTF versus 1=T) for 50, 80, 100 and 140 nm wide Cu wires is shown in Fig. 7 where the activation energies are calculated from the lines. The activation energies for EM increase for wider Cu wires: 0.61 eV (50 nm), 0.64 eV (80 nm), 0.68 eV (100 nm), and 0.71 eV (140 nm). Activation energies have been reported 12, 13) from 0.7 eV to 1.2 eV for EM of Cu wires wider than 100 nm. It was also pointed out in the same studies that the wide change of activation energies depends on the alterations of physical properties between the cap layer and Cu wires which are due to the process technology in addition to grain size variation. Hence, the reason why activation energy becomes less than 0.7 eV when line width in the Cu wires becomes narrower 100 nm would be the easiness of Cu diffusion both at smaller grains and interfaces between Cu wire and SiN capping layer.
3.2 Influence of average grain size along the longitudinal direction of Cu wire on EM resistance and activation energy The microstructure of the Cu wire is an important issue in controlling its EM reliability. As mentioned above, the important microstructure parameters for EM are how many grains are present in the total line length for a current flow. Figure 8 shows a microstructural TEM image along the longitudinal direction of a 50 nm wide Cu wire with 200 nm height after annealing at 573 K for 0.5 h before EM test. In this figure, dotted lines are drawn along the grain boundaries. The Cu wire consists of many large and small grains. Differences in grain sizes between the top and bottom parts of the trench are also clear. In particular, the Cu grain size in the bottom of the trench is significantly smaller than that at the top part. This indicates that grain growth is restricted by the sidewall at the bottom of the narrow trench during annealing. These smaller grains at the bottom of the trench may cause a large resistance increase and degradation of MTF.
In order to quantify the grain sizes and the grain size distributions of the annealed Cu wire in the longitudinal direction, we adopt the following method. To obtain the grain sizes, a line is drawn around the grain boundary of each grain in the trench and the sizes of the grains are computed assuming the grains to be circular, and finally the diameter of each grain is calculated from the circular grain area. The cumulative probability of grain sizes are plotted against grain sizes for 50, 80, 100, and 280 nm wide wires in Fig. 9 . The scatter in grain sizes for each line width is found to be the same level. Hence we use average grain size to evaluate the microstructure of Cu wire hereafter. In this figure, the average grain size is defined as the grain size at which the cumulative probability is 50%. The average grain size obtained is 56, 108, 127, 145 and 213 nm for 50, 80, 100, 140 and 280 nm wide Cu wires, respectively. Since EM occurs mainly by diffusion along grain boundaries, we might expect that as the grain size increases, the diffusion of Cu atoms would decrease since there are fewer fast diffusion paths available. Figure 10 plots the inverse of average grain size 1=d as a function of line width of Cu wires. 1=d increases with decreasing line width. The increase of 1=d is not linear with line width and increases more significantly when the width is less than 100 nm. This indicates that grain growth is restricted significantly by the sidewall at the bottom of narrow trenches of less than 100 nm widths during annealing.
Based on the above consideration, we adopt the ratio of line length to grain sizes (L=G ratio) to represent the microstructure along the longitudinal direction of the Cu wires. Hence, the L=G ratio corresponds to the number of grain boundaries along the longitudinal direction of the Cu wire. We investigate MTF as a function of L=G ratio in order to clarify the microstructure effect on MTF. The lower the L=G ratio, the lower the grain boundary diffusion of Cu wires in the direction of current flow should be. 18.0 above which it gradually decreases with the increase of the L=G ratio. Figure 12 also shows the activation energy of Cu wires as a function of L=G ratio. The activation energy of Cu wires also decreases significantly with the increase of L=G ratio up to 18.0, above which it gradually decreases with the ratio. This result agrees with that of Fig. 11 .
From the above results we see that the L=G ratio has a close connection with EM resistance and activation energy of Cu wires. As the number of grain sizes increases with L=G ratio, this result may be due to the fact that Cu diffusion through the small grain boundaries is accelerated and hence Cu diffusion through the interface between Cu and SiN capping layer is also enhanced in the case of L=G ratio greater than 18.
Hence, enhancing adhesion strength between the capping layer and Cu wire as well as developing a new process which coarsens the L=G ratio, making it less than 18.0, is mandatory for the realization of low resistivity and high EM resistance Cu wires less than 100 nm wide.
Conclusions
We investigated the influence of the microstructure in Cu wires on EM resistance using Cu wires with various line widths from 50 nm to 280 nm and line heights of 300 and 500 nm. A strong line width dependence of MTF was observed. The EM resistance decreased substantially as line widths decreased from 280 to 50 nm. The respective activation energies for 50, 80, 100 and 140 nm width wires were 0.61, 0.64, 0.68 and 0.71 eV. The EM resistance and activation energy of Cu wires could be represented as a function of a new parameter, i.e., the ratio of line length to average grain size in the longitudinal direction (L=G ratio), and they both increased with the decrease of this ratio. These results showed that coarsening grain sizes so that the ratio of line length to average grain size in the current flow direction becomes less than 18.0 in addition to enhancing adhesion strength between the capping layer and Cu wire are mandatory to improve EM resistance and lower resistivity in very narrow Cu wires that are expected to be used in future ULSIs. 
